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Computational Aeroacoustics (CAA) 5 . The superior focusing quality of TR over Conventional Beamforming 6 (CB) techniques is because TR simulates the back-propagation of acoustic waves by solving the same set of differential equations (taking into account, the properties of the propagating medium and the geometrical features such as reflective surfaces, reverberating environments, scatterers, etc.) of the propagation that govern their emission from the source(s), without making any a-priori assumptions on the source nature unlike CB. While CB may be implemented in time-domain 7 , classically, it is carried out in the frequency domain; hence, it is unable to provide valuable temporal information on the evolution of acoustic fields near the source region. TR on the other hand, being a time-domain approach, enables visualisation of the spatio-temporal evolution of acoustic field near the source, thus providing critical insight into the noise-producing physics.
A unique blend of numerical CAA simulation and data from aeroacoustics experiments, therefore, gives TR a potential advantage over CB to understand flow-induced noise mechanisms; however, such an experimental application of aeroacoustic TR has received only limited attention. For instance, Padois et al. 8 presented an application of the TR technique to a simulated-experimental aeroacoustics problem. They used the acoustic pressure time-history measured over one Line Array (LA) of microphones located above a wind tunnel test-section (and outside the flow) to localize loudspeaker source(s) (modeling a time-harmonic monopole or a dipole source) in a non-uniform shear mean flow field. The present authors have previously presented the first demonstration of the aeroacoustic TR technique to an experimental flowinduced noise problem of a circular cylinder located in a subsonic cross-flow 9 . Through their TR simulation, the authors studied the spatio-temporal evolution of the acoustic pressure field in the source vicinity and subsequently, accurately localized and characterized the lift-dipole nature of the flow-induced noise source generated at the Aeolian tonal frequency [10] [11] [12] [13] . Indeed, the TR source maps were shown to be similar to those obtained using the CB with the same LA configuration. In a recent communication 14 , the present authors demonstrated the effectiveness of the super-resolution technique termed as the Point-Time-Reversal-Sponge-Layer 15, 16 (PTRSL) to enhance the focal-resolution of the flow-induced lift-dipole source generated at the Aeolian tone of a circular cylinder. Despite the aforementioned advancements, further work is required to develop the TR technique as a practical diagnostic tool (possibly, as a useful alternative to CB and a superior source localization technique) to analyze the flow-induced noise production mechanism of more complicated experimental test-cases such as a finite wall-mounted cylinder 17 or airfoil 18 (wherein the end effects are not negligible), an airfoil or flat-plate at non-zero angle of attack 19 , a flat-plate serrated trailing edge 20 , poro-elastic trailing edge 21 or due to a rod-airfoil interaction 22 . However, before attempting the use of TR to solve such class of problems, it is necessary to first consider simpler benchmark aeroacoustics problem of a practical importance not studied using TR method as yet.
In view of the background provided above, this work, therefore, considers the benchmark problem of a full-span symmetric flat-plate 23, 24 located in subsonic cross-flow field with a view to demonstrate the suitability of the aeroacoustic TR method for localizing/characterizing the nature of flow-induced noise.
The paper is organized as follows. Section II briefly describes the experimental set-up, i.e., the wind tunnel, its operating conditions, the test-case (full-span flat-plate) considered and the configuration of two LAs of microphones for recording the far-field acoustic pressure. Section III presents the far-field acoustic spectra generated due to subsonic cross-flow over the flat-plate.
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Section IV describes the methodology for implementing the aeroacoustic TR simulations and computation of the TR source maps. Section V analyzes the experimental results: the spatiotemporal evolution of the time reversed acoustic pressure fields (especially near the source region), the TR source maps and comments on the predicted location (and the likely error in the same), characteristics and resolution of the flow-induced noise source. The important findings of this investigation are then summarized in Section VI with directions for future work.
II. Experimental set-up and the flat-plate test-case
A full-span symmetric flat-plate 23 and 0.33%, respectively 17, 18, 20, 23, 24 .
In this work, experiments were carried out at of the test-model sufficiently beyond the width of the contraction-outlet 24 . The origin   0 x y   is fixed at the opening of the contraction-outlet on its axis as indicated in Fig. 1 . The flat-plate has a chord length C of 200 mm, span of 450 mm, 5 mm thick, and is symmetric with the Leading Edge (LE) being semi-circular (of radius 2.5 mm) and the TE having an apex angle of 12 ,  see Moreau et al. 23, 24 . As shown in Fig. 1 , the flat-plate is mounted at a pivot-hole which is 60 mm downstream of the origin and the TE to the pivot hole distance is 155 mm which implies that the stream-wise extent of the flat-plate is between
Two line arrays (LAs) of microphones (schematically shown in Fig. 1 ) arranged parallel to the stream-wise direction, i.e., the x direction, one above the test-model and another below were used to measure the acoustic pressure time-history generated due to cross-flow over the flatplate. Each microphone LA consists of 32 GRAS 40PH 1/4" phase matched microphones mounted in a timber frame. The microphones were positioned with a unit-to-unit spacing of 30 mm, therefore, the total length of each LA is 930 mm. The two LAs are located 700 mm apart and equidistant from the test-model, i.e., the top and bottom LAs are located at 350 mm, y y L    respectively, as indicated in Fig. 1 . The 64 microphones in the two LAs were connected to a National Instruments PXI-8106 data acquisition system containing 4 PXI-4496 simultaneous sample/hold ADC cards 9, 14 . Data from the 64 microphones were acquired at a sampling frequency of Fig. 3 that a broadband PSD spectrum is generated by the flat-plate 23, 24 . It is noted that the background noise level generated by the free-stream jet is insignificant in comparison to the spectrum generated due to flow-induced noise throughout the broadband frequency range of interest 23, 24 . Therefore, it is expected to have a negligible contaminating effect on the TR simulation and hence was not removed from the spectrum prior to band-pass filtering.
IV. Methodology: Summarized implementation of Time-Reversal (TR)
The TR simulation was implemented by numerically solving 9,25,26 the 2-D Linearized Euler Equations (LEE) using the Pseudo-Characteristic Formulation 27, 28 (PCF) in reverse time t  on a 
The Anechoic Boundary Conditions 29, 30 (ABCs) were used at all computational boundaries during TR whilst enforcing the time-reversed acoustic pressure 
where
 are the maximum mean flow, steepness of the shear-layer and half-thickness of the potential-core, respectively; their variation along x direction (from contraction-outlet) is modeled by an appropriate polynomial-fit using constrained least-squares optimization.   of the PCF were computed using an overall upwind-biased Finite-Difference (FD) scheme 26, 30 that is formulated using a fourth-order, seven-point optimized upwind-biased FD scheme 31 at interior nodes and a seven-point optimised backward FD scheme at the boundary nodes 32 . In order to increase the mesh-resolution, two equally spaced nodes were added between each pair of nodes corresponding to the microphone locations. The acoustic pressure time-history __________ American Institute of Aeronautics and Astronautics 7 of 19 at these two extra nodes (required during TR) were obtained by interpolating the experimental data, (i.e., the band-pass filtered acoustic pressure signals) between each pair of microphones using Lagrange polynomial interpolation 33 , resulting in a mesh-size 10 mm x   along the x direction. Equal mesh-size 10 mm y   was also considered along the y direction. The maximum frequency that may be accurately propagated on this mesh is approximately 8255 
V. Results and Discussion
The spatio-temporal evolution of the time-reversed acoustic pressure field   
The two LAs, contraction-outlet, its flanges and the flat-plate model are shown by white lines, whilst the reversed direction of mean flow is indicated by an arrow; the same symbolic convention is followed henceforth in the time-snapshots as well as the TR source maps. Figs. 5(a) and (b) , that during the initial time-instants, a simultaneous emission of acoustic fluxes from the top/bottom LAs is observed that propagate into the domain and are about to converge or undergo constructive interference. Figure 5 (c) shows that this is followed by formation of two instantaneous maxima regions (henceforth, referred to as the focal spots) on the opposite sides of the flat-plate (in its vicinity) of nearly the same strength but opposite phase, indicating a dipole-source. The simulations reveal that at the source region, the width of the wave-fronts diminish whilst their amplitude significantly increase. However, due to the conservation of energy 8, 26 and absence of an acoustic-sink 15, 16, 35 during TR, the converging wave-fronts do not stop at the source but propagate beyond. By virtue of the superposition technique 26 and the use of ABCs 29, 30 , the interference problem near the LAs is prevented. Figures  5(d-f) indicate a continuous formation of two instantaneous focal spots throughout the TR simulations, although their instantaneous geometrical center (taken as the dipole location) slightly varies over time. Furthermore, it is noted that the size of the instantaneous focal-spot is large because of the low-frequency content of the time-reversed signals. 
It is observed from
The initial time-instants of the spatio-temporal evolution of the   , , p x y t   field in this case is similar to Figs. 5(a-c) . However, with the course of TR simulations, i.e., at later timeinstants, formation of instantaneous pair of focal spots is observed near the Leading Edge (LE) which are slightly weaker then the focal spots present near the TE of the flat-plate. The LE focal spots can possibly be a weaker dipole source near the LE; however, in order to establish this hypothesis, a further investigation is required to establish that the signals at the LE and TE focal spots are incoherent. Alternatively, the LE focal spots may also be due to the scattering of the back-propagated acoustic waves due to the flat-plate model and/or contraction-outlet flanges.
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The formation of two focal spots (of nearly the same relative magnitude) located in proximity in subparts (a) to (i) of Fig. 8 indicate the dipole nature of the flow-induced noise source generated due to the flat-plate located in subsonic cross-flow 36, 37 . The TR source map shown in Figs. 8(a-c) indicate that the flow-induced dipole sources are located between the midspan of the flat-plate and the TE in the low-frequency range whilst in the mid-frequency and high-frequency regions, the dipole sources are located slightly downstream of the TE. The predicted location   0 0 , x y of the dipole source are noted in the 2 nd and 3 rd columns of Table 1 , the average Sound Pressure Level (SPL) at the two focal spots is indicated in the 4 th column of Table 1 wherein it is observed that a high SPL is predicted (or alternatively, the dominant noise is) in the low-frequency range. It is however, known that at low-frequency, the expected location of the dipole source is towards the mid-span of the flat-plate whereas at high-frequency, the dipole is expected to be located exactly at the TE. Therefore, the predicted dipole location noted in Table 1 indicates a small error which may be attributed to partial angular aperture of the LAs. Of particular interest, is the beginning of bifurcation of the elongated focal spots observed in Fig. 8(d) which gradually evolves to a complete separation of the LE and TE focal spots in Fig. 8(f) . As noted earlier, further work is required to comment on the source nature of LE focal spots. Nevertheless, Figs. 8(g-i) indicate that the relative strength of the LE focal spots diminishes with increase in frequency band whereby the TE dipole (denoted by X) is the dominant noise source in the high-frequency range. Figure 8 indicates that with an increase in frequency band, the longitudinal and transverse size of the dipole focal spots decreases and a more compact orientation of the focal points is obtained. Indeed, the size of the focal spots is quantified in terms of the following two metrics; the transverse spatial resolution (parallel to the LAs) and longitudinal spatial resolution __________ 
VI. Conclusions
This paper has presented the first experimental application of aeroacoustic Time-Reversal (TR) source localization technique to analyze the flow-induced noise generation mechanisms of a benchmark test-case of a full-span symmetric flat-plate in subsonic cross-flow. The spatiotemporal evolution characteristics and corresponding TR source maps indicate the dipole nature (with axis perpendicular to flow) of the aeroacoustic source generated due to cross-flow throughout the broadband frequency range of the flat-plate. This observation is consistent with the classically known result that the interaction of a rigid body (typically, smaller than or comparable to a wavelength) with a flowing medium induces local surface stresses which are of equal magnitude but act in opposite direction to the surrounding fluid resulting in a dipole source nature 36, 37 , thereby demonstrating the suitability of TR technique to such aeroacoustics problems. In particular, the TR source map indicates that the flow-induced dipole sources are located between the mid-span of the flat-plate and the Trailing Edge (TE) at low-frequency whilst in the mid-frequency and high-frequency region, the dipole sources are located slightly downstream of the TE. This observation signifies a small error in the location of the dipole source predicted by the TR method which may be attributed to the partial angular aperture of the two LAs or possibly, the use of computationally simpler 2-D LEE solver that under-represents the experimental noise generation phenomenon (more accurately modeled by numerical simulation of 3-D LEE).
The average transverse and longitudinal TR focal-resolution of the flow-induced dipole sources due to the flat-plate in cross-flow (obtained from Table 2 respectively, signify the conventional half-wavelength diffraction limit of the TR method. In a future work, the Point-Time-Reversal-Sponge-Layer (PTRSL) damping technique developed by the present authors [14] [15] [16] will be implemented (at the predicted dipole location) to enhance the TR focal-resolution of the flow-induced dipole sources. An investigation to examine the effect of rigid-wall boundary conditions due to the contraction-outlet, its flanges and the model geometry of the flat-plate on the TR source maps (and spatio-temporal evolution of acoustic pressure fields) will also be carried out. In addition, the future work will also include a comparison of the TR source maps with those obtained using the Cross-Spectral Conventional Beamforming (CB) and the Deconvolution Approach for the Mapping of Acoustic Sources 6 (DAMAS) method with the same LA configuration considered here.
